Background {#Sec1}
==========

Chronic fatigue syndrome (CFS) is a debilitating disease characterized by persistent or relapsing unexplained fatigue of at least six month of duration that is not relieved by rest and causes a substantial reduction in daily activities \[[@CR1]\].

In a previous randomized controlled trial, we demonstrated that sitting isometric yoga improved fatigue and pain in patients with CFS who were resistant to conventional therapy \[[@CR2]\]. In this trial, the Chalder fatigue score in patients who, in addition to receiving conventional pharmacotherapy, practiced 20-min of sitting isometric yoga for two months was significantly lower than in patients who received conventional therapy alone. This finding suggests that regular practice of sitting isometric yoga reduces the severity of fatigue. Furthermore, the Profile of Mood States (POMS) fatigue (F) score decreased and the POMS vigor (V) score increased after a single yoga session. These scores were measured before and after the final session with a yoga instructor, suggesting that even a 20-min sitting isometric yoga session can reduce fatigue and increase energy in patients with CFS when they are accustomed to the procedures and can practice it successfully.

It remains unclear how sitting isometric yoga reduces fatigue and increases energy in patients with CFS. Previous studies have suggested several abnormalities in patients with CFS, including dysfunctions of the autonomic nervous system (ANS), the hypothalamic-pituitary-adrenocortical (HPA) axis, the immune system, and the central nervous system (CNS) \[[@CR3]\]. Autonomic dysfunction is characterized by low vagal tone and sympathetic overactivity \[[@CR4], [@CR5]\]. For example, in patients with CFS, baseline heart rate (HR) is higher than in healthy subjects \[[@CR4]--[@CR6]\]. Dysfunctions of the HPA axis in patients with CFS include attenuated diurnal changes in cortisol \[[@CR7], [@CR8]\] and decreased dehydroepiandrosterone sulfate (DHEA-S) \[[@CR9]--[@CR11]\]. Dysfunctions of the immune system include increased blood levels of multiple cytokines, including transforming growth factor (TGF)-β1 and several proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, and interferon (IFN)-γ \[[@CR12]--[@CR15]\]. Dysfunctions of the CNS include hypoactivity of the dopaminergic nervous system to reward stimuli \[[@CR16], [@CR17]\]. Other dysfunctions in patients with CFS include lower blood levels of acylcarnitine than in healthy subjects \[[@CR18], [@CR19]\].

To date, it is not known if sitting isometric yoga can improve these abnormalities in patients with CFS. Previous studies have demonstrated that yoga counteracts some of the above abnormalities in other clinical populations. For example, yoga is known to change autonomic function from a sympathetic nerve-dominant state to a parasympathetic nerve-dominant state in healthy subjects \[[@CR20]\]. Yoga has also been reported to improve dysfunctions of the HPA axis, e.g. the blunted cortisol diurnal slope \[[@CR21]\] and to reduce peripheral pro-inflammatory markers such as nuclear factor kappa B (NF-κB) and TNF-α \[[@CR22], [@CR23]\] in cancer patients. In accordance with these findings, yoga has been shown to reduce fatigue and increase energy in current cancer patients and in survivors \[[@CR21], [@CR24]\]. Therefore, we hypothesized that yoga improves some of these dysfunctions in patients with CFS, which results in the fatigue-relieving effect of yoga.

We also hypothesized that, in patients with CFS, the short- and long-term fatigue-relieving effects of yoga might be caused by different mechanisms, based on our observations of patients who regularly practice yoga. That is, the short-term effect, which is observed within 30 min of practicing yoga, is associated with changes in autonomic and neurotransmitter functions within the brain and with reduced levels of stress hormones such as cortisol. On the other hand, the long-term effect, which is gradually obtained over eight weeks, is associated with changes in immune function, nutritional state, and behavioral (coping) styles. We were particularly interested in the mechanisms underlying the short-term fatigue-relieving effect and focused on this analysis in the present study.

To elucidate the mechanisms underlying the acute, fatigue-relieving effect of sitting isometric yoga in patients with CFS, we measured changes in autonomic functions and blood biomarker levels before and immediately after a yoga session and assessed the correlation between these parameters and yoga-induced fatigue reduction and increased vigor.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

The study included 15 patients with CFS who were enrolled in the yoga group of our previous randomized, controlled trial \[[@CR2]\]. All study participants were outpatients with CFS who visited the Department of Psychosomatic Medicine of Kyushu University Hospital and met the following inclusion criteria: (1) the subject's fatigue had not significantly improved despite at least six months of conventional treatment \[[@CR25]--[@CR27]\]; (2) the subject was between 20 and 70 years old; (3) the subject's level of fatigue was serious enough to cause an absence from school or the workplace for at least several days a month but not serious enough to require assistance with the activities of daily living; (4) the subject was able to fill out questionnaires without assistance; (5) the subject could sit for at least 30 min; and (6) the subject could visit the hospital every two or three weeks. The diagnosis of CFS was made based on diagnostic criteria of the 1994 international research case definition of CFS \[[@CR1]\]. Patients also met the 2011 international consensus criteria for myalgic encephalomyelitis \[[@CR28]\] and the 2015 diagnostic criteria for systemic exertion intolerance disease \[[@CR29]\].

Methods {#Sec4}
-------

Participants practiced sitting isometric yoga regularly for about eight weeks. That is, patients were fully accustomed with the procedures of the sitting isometric yoga program prior to evaluation. Assessments were made at the final yoga session, which was done with an instructor at the hospital between 2 pm and 4 pm. Patients first filled out the POMS self-rating questionnaire and underwent non-invasive autonomic function testing and blood sampling. Patients then practiced sitting isometric yoga in a quiet room for 20 min (sometimes up to 30 min) with an experienced yoga instructor (guided yoga session). After the yoga session, the patient again filled out the POMS questionnaire, underwent autonomic function testing and blood sampling, and had a medical check-up by his/her physician (Fig. [1](#Fig1){ref-type="fig"}). The POMS questionnaire was collected by a nurse who was not involved in the study. Blood samples were centrifuged and stored at − 80 °C until measurements were performed.Fig. 1Experimental procedures

Yoga intervention {#Sec5}
-----------------

We developed a 20-min sitting isometric yoga program for patients with CFS so as not to induce post-exertional malaise \[[@CR2]\] and adverse events \[[@CR30], [@CR31]\]. All participants practiced sitting isometric yoga, consisting of biweekly, 20-min sessions with a yoga instructor and daily in-home sessions, for about eight weeks. On the experimental day, patients practiced sitting isometric yoga in a quiet room on a one-to-one basis with an instructor who has over 30 years of experience (Fig. [2](#Fig2){ref-type="fig"}). The precise procedures of sitting isometric yoga have been described elsewhere \[[@CR2]\]. In brief, the program consisted of three parts. First, patients practiced being aware of their spontaneous breathing with the right hand on the lower abdomen and the left hand on the back for one minute to facilitate interoceptive and proprioceptive awareness. Second, patients practiced 6 isometric poses 4--6 times, 2--3 times with sounds like "Uh..." or "Ah...." followed by 2--3 times without sounds. Isometric postures were practiced slowly, taking 3--10 s (5 s in average) in association with exhalation, using 50% of maximal physical strength. Tension was then slowly released with inhalation. Finally, the hands and body returned slowly to the basic, sitting position taking 3--10 s (5 s in average) with exhalation with/without sounds. The length and the number of repetitions varied depending on the patient's severity of fatigue and psychological and physiological tension. Third, the patients observed abdominal breathing for one minute. Patients were not asked to practice abdominal breathing intentionally, rather, if they practiced sitting isometric yoga successfully, their breathing pattern became more regular, slower, deeper, and abdominal when compared to the breathing before practicing yoga. Patients were asked to observe such breathing.Fig. 2Sitting isometric yoga program. The 20-min sitting isometric yoga program consisted of three parts. (1) Patients practiced being aware of their spontaneous breathing for 1 min to facilitate interoceptive and proprioceptive awareness. (2) Patients slowly practiced six isometric postures, taking 3--10 s each (5 s in average), in association with exhalation with/without sounds, using 50% maximal physical strength. (3) Patients practiced abdominal breathing for 1 min

Monitoring of yoga practice {#Sec6}
---------------------------

Patients were monitored while practicing sitting isometric yoga in two ways: by a yoga instructor and through a "yoga diary". When the patients visited the hospital, they practiced sitting isometric yoga in a quiet room for 20 min on a one-to-one basis with an instructor who monitored and analyzed their practice, and made changes if necessary. Most patients visited their doctors every two or three weeks during the intervention period. Therefore, all patients practiced this yoga program at least four times (5.6 times, on average) with the instructor during the intervention period. In addition to receiving a private lesson, the patients were asked to practice the yoga program on non-class days if they could, with the aid of a digital videodisc (DVD) and a booklet. The patients were also asked to keep a "yoga diary" in which they recorded the amount of time they practiced and any questions they had during the practice. On the day of the visit, the yoga instructor and the patient's doctors checked the diary. According to the diaries, they practiced sitting isometric yoga at home for a mean of 5.7 times/week during the intervention period.

Measures {#Sec7}
--------

### Fatigue and vigor {#Sec8}

To assess the acute effects of sitting isometric yoga on fatigue and vigor, the F and V scores of the POMS \[[@CR32]\] self-rating questionnaire were assessed immediately before and after a guided yoga session.

### ANS function {#Sec9}

Non-invasive ANS function testing was conducted by analyzing heart rate variability (HRV). After a sufficient resting period followed by time to fill out the POMS questionnaire, patients underwent a 3-lead electrocardiogram (ECG) of 2 min duration while in the sitting position. Electrodes were placed on both wrists. Beat-to-beat HR was assessed on the ECG, and HRV indices and respiratory rate were measured using the "Kiritsu Meijin" (Crosswell Co., Inc., Yokohama, Japan) \[[@CR33]\], which included a HR monitor LRR-03 (GMS, Tokyo, Japan). The majority of previous studies have used spectral techniques based on the Fast Fourier Transform (FFT). However, FFT is insufficient to estimate the precise power spectral density from short time series data. The MemCalc method \[[@CR34]\] is a new technique for time series analysis. It is a combination of the maximum entropy method for spectral analysis and the non-linear least squares method for fitting analysis. This enabled us to achieve a reliable analysis of the low- (LF; 0.05--0.15 Hz) and high-frequency components (HF; 0.15--0.4 Hz) over a minimum interval of 30 s. Time domain analysis and spectral analyses of HR variability using the MemCalc system were performed over a 1-min period. In the time domain analysis, the coefficient of variation of R-R intervals (CV~R-R~) = component coefficient of variance (total power) was shown. HF was used as an index of parasympathetic activity, while LF was used as a mixed index of sympathetic and parasympathetic activity. LF/ HF was used as an index of sympathetic activity \[[@CR34]--[@CR36]\].

Blood biomarkers {#Sec10}
----------------

### Serum markers {#Sec11}

Serum levels of DHEA-S were measured using a chemiluminescent enzyme immunoassay (CLEIA). Cortisol and prolactin (PRL) were measured by electro-chemiluminescence immunoassay. Total carnitine, acylcarnitine, and free carnitine were measured by the enzyme cycling method. IL-6 was measured using a human IL-6 CLEIA cartridge (Fujirebio, Tokyo, Japan), with a minimum detectable concentration of 0.2 pg/mL. TNF-α was measured by enzyme-linked immunosorbent assay (ELISA) using Quantikine high-sensitivity ELISA human TNF-α immunoassay (R&D Systems, Inc., Minneapolis, MN, USA), with a minimum detectable concentration of 0.07 pg/mL. IFN-α was measured using the VeriKine™ Human Interferon Alpha Multi-Subtype Serum ELISA Kit (pbl assay science, Piscataway, NJ, USA), with a minimum detectable concentration of 12.5 pg/mL. IFN-γ was measured by enzyme amplified sensitivity immunoassay (EASIA) using the MEDGENIX human IFN-γ EASIA kit (BioSource Europe S.A., Nivelles, Belgium), with a minimum detectable concentration of 0.1 IU/mL.

### Plasma makers {#Sec12}

Plasma levels of 3-methoxy-4-hydroxyphenylglycol (MHPG) and homovanillic acid (HVA) were measured by high performance liquid chromatography. Brain-derived neurotrophic factor (BDNF) was measured using the Quantikine ELISA human BDNF kit (R&D Systems, Inc., Minneapolis, MN, USA), with a minimum detectable concentration of 20 pg/mL. TGF-β1 was assessed using the Quantikine ELISA human TGF-β1 kit (R&D Systems, Inc., Minneapolis, MN, USA), with a minimum detectable concentration of 0.50 pg/mL.

Statistical analyses {#Sec13}
--------------------

The normality of data distribution was evaluated by the Kolmogorov-Smirnov test. Differences in POMS scores, plasma/serum components, and physical parameters before and after the yoga session were analyzed using a paired-sample *t* test or the Wilcoxon signed-rank test if the Kolmogorov-Smirnov test was significant. Correlations between POMS scores and plasma/serum components and physical parameters were identified using bivariate Pearson's test. Correlated plasma/serum components and physical parameters (as independent variables) were further analyzed using multiple linear regression analysis to explain the causal relationships with the respective POMS scores (as dependent variables) using pairwise deletion for missing values. To determine any difference in the POMS fatigue and vigor scores with a two-sided significance level of 0.05 and with at least 80% power, an appropriate sample size of 15 was calculated using the mean and standard deviation between two groups with different POMS scores reported in a previous study \[[@CR37]\]. A post-hoc power analysis using the G\*Power test computed that the achieved power for the paired-sample, two-tailed *t* test in 15 subjects was 99%. Statistical significance was set at *p* \< 0.05 and all tests were two-tailed. Data are presented as means ± standard deviations (SD) and 95% confidence intervals (95% CI). Data were analyzed using SPSS for Windows, V.21.

Results {#Sec14}
=======

This study included 15 subjects who completed the yoga intervention in a previous study (age range: 24--60 years; mean age (mean ± SD): 38.0 ± 11.1 years; 3 men) \[[@CR2]\]. One patient failed to undergo ANS function testing. One patient failed to give a blood sample for MHPG and BDNF testing, and two patients failed to give samples for TGF-β1, DHEA-S, and cortisol testing. The missing data were excluded from the analysis. No patient was treated with hydrocortisone.

Effect of sitting isometric yoga on fatigue and vigor {#Sec15}
-----------------------------------------------------

The effects of sitting yoga on fatigue and vigor were assessed by comparing the POMS F and V scores before and after the final guided yoga session. After the session, the mean F score decreased significantly (from 21.9 ± 7.7 to 13.8 ± 6.7, *P* = 0.001) and mean V score increased significantly (from 17.8 ± 7.6 to 22.9 ± 8.2, *P* = 0.002; Table [1](#Tab1){ref-type="table"}). These values were reproductions from our previous study \[[@CR2]\].Table 1Changes in POMS scores, autonomic function indices, and blood biomarkers following a sitting isometric yoga sessionn: Sample sizeValues are mean ± standard deviationPre: Mean values before yoga sessionsPost: Mean values after yoga sessions∆: The mean difference between Pre and Post values, i.e. Post value -- Pre value*P* value: Paired *t*-test or Wilcoxon signed-rank test between Pre and Post values95% CI: 95% Confidence interval (Lower bound -- Upper bound)C: Correlations\*: Correlation between ∆ F and ∆ plasma/serum components, *P* \< 0.05\#: Correlation between ∆ V and ∆ plasma/serum components, *P* \< 0.05n.s.: not significantHighlighted in gray: The probability of normal distribution is violated by Kolmogorov-Smirnov test

Effects of sitting isometric yoga on ANS functions {#Sec16}
--------------------------------------------------

The effects of sitting isometric yoga on ANS function were assessed by comparing the HR, CV~R-R~, HF- and LF- components of the HRV and LF/HF before and after yoga. After the guided yoga session, HR decreased significantly (from 84.5 ± 9.3 bpm to 80.0 ± 6.3 bpm, *P* = 0.047) and HF increased significantly (from 103.7 ± 88.6 ms^2^ to 168.1 ± 138.8 ms^2^, *P* = 0.028), whereas CV~R-R~, LF and LF/HF did not significantly change (Table [1](#Tab1){ref-type="table"}). Respiratory rate both before and after the yoga session was 17 /min.

Effects of sitting isometric yoga on blood biomarker levels {#Sec17}
-----------------------------------------------------------

To elucidate possible mechanisms behind the acute fatigue-relieving effect of sitting isometric yoga, we compared the blood levels of several biomarkers before and after the guided yoga session. These biomarkers included serum cortisol, DHEA-S, TNF-α, IL-6, IFN-α, IFN-γ, PRL, total carnitine, free carnitine, and acylcarnitine, and plasma TGF-β1, BDNF, MHPG, and HVA (Table [1](#Tab1){ref-type="table"}).

We found that DHEA-S significantly increased (from 177.7 ± 63.3 μg/dL to 191.1 ± 73.5 μg/dL, *P* = 0.012), whereas cortisol and TNF-α significantly decreased (from 11.0 ± 6.4 μg/dL to 7.9 ± 3.5 μg/dL, *P* = 0.016 and 0.9 ± 0.18 pg/mL to 0.8 ± 0.18 pg/mL, *P* = 0.035, respectively) and PRL had a tendency to decrease (from 11.1 ± 6.3 ng/mL to 9.9 ± 5.7 ng/mL, *P* = 0.077) after the yoga session. Serum levels of total carnitine, free carnitine, acylcarnitine, and IL-6 did not change. IFN-α and IFN-γ were less than the minimal detectable concentrations (\< 12.5 pg/mL and \< 0.1 IU/mL, respectively) both before and after yoga.

Plasma levels of TGF-β1, BDNF, MHPG, and HVA did not change following the yoga session.

Correlation between changes in F (or V) and changes in ANS functions and blood biomarkers {#Sec18}
-----------------------------------------------------------------------------------------

To investigate how improvement in fatigue (or vigor) relates to changes in blood biomarkers, we assessed correlations between ∆F (or ∆V) score (post F (V) value -- pre F (V) value) and ∆parameter (post value -- pre value of each physiological parameter and blood biomarker, shown in Table [1](#Tab1){ref-type="table"}).

Pearson's bivariate correlation test revealed that ∆F (mean: - 8.1 ± 4.9) positively correlated with ∆TGF-β1 (mean: 1.2 ± 8.9 ng/mL, *r* = 0.555, *P* = 0.049; Fig. [3a](#Fig3){ref-type="fig"}) and ∆BDNF (mean: 1058 ± 4286.3 pg/mL, *r* = 0.537, *P* = 0.048, Fig. [3b](#Fig3){ref-type="fig"}). ∆V (mean: 5.1 ± 5.3) positively correlated with ∆HVA (mean: 0.0 ± 2.5 ng/mL, *r* = 0.573, *P* = 0.026, Fig. [4](#Fig4){ref-type="fig"}). Furthermore, multiple regression analysis showed that the increase in ∆F could not be explained by a linear increase in both ∆BDNF and ∆TGF-β1 (*r*^*2*^ = 0.314, *P* = 0.312). In contrast, 33% of the increase in ∆V was explained by a linear increase in ∆HVA (*r*^*2*^ = 0.33, *intercept* = 5.03, *B* = 1.21, *P* = 0.026, Fig. [4](#Fig4){ref-type="fig"}). There was no correlation between ∆F (or ∆V) and changes in parameters of ANS function, i.e., ∆HR, ∆HF, ∆LF, or ∆LF/HF.Fig. 3Correlations between ∆ Fatigue score and ∆ plasma TGF-β1 (**a**) and ∆ plasma BDNF (**b**). Each trend line indicates a linear relationship between two respective variablesFig. 4Correlations between ∆ Vigor score and ∆ plasma HVA; *n* = 15; a trendline indicates a linear relationship between two respective variables; mg/D, milligram per day (**a**). Normal P-P plot of the standardized residuals (**b**). Dependent variable: ∆ Vigor. Independent variable: ∆ HVA

Discussion {#Sec19}
==========

This study demonstrated that a single session of sitting isometric yoga reduced fatigue and improved vigor in patients with CFS. Yoga also reduced HR, serum levels of cortisol and TNF-α, and had a tendency to decrease serum levels of PRL, whereas it increased the HF component of HRV and serum levels of DHEA-S. Changes in fatigue were positively correlated with changes in plasma levels of TGF-β1 and BDNF. Changes in vigor were positively correlated with changes in HVA. To our knowledge, this is the first study to investigate the effect of yoga on ANS and blood parameters in patients with CFS.

ANS function {#Sec20}
------------

We found that a single session of sitting isometric yoga decreased HR and increased HF-HRV, an indicator of cardiac vagal tone, without affecting respiratory rate. Previous studies have demonstrated that, when compared with healthy subjects, patients with CFS have significantly higher resting HR \[[@CR4]--[@CR6]\], tend to have higher plasma levels of noradrenaline \[[@CR4]\], and have significantly lower cardiac vagal indices as assessed by HRV \[[@CR5], [@CR38], [@CR39]\]. That is, patients with CFS exhibit ANS alterations characterized by sympathetic overactivity and low cardiac vagal tone. Our results suggest that sitting isometric yoga improves these autonomic abnormalities. Considering the previous findings that resting HR during CFS remission was lower than during an exacerbation \[[@CR40]\] and that reduced cardiac vagal tone was associated with cognitive impairments in patients with CFS \[[@CR5]\], yoga-induced autonomic changes may be beneficial for patients with CFS.

HPA axis {#Sec21}
--------

This study demonstrated that a single session of sitting isometric yoga reduced serum cortisol levels. This study was conducted between 2 p.m. and 4 p.m., when diurnal changes in cortisol levels are at a minimum. Therefore, decreases in cortisol may reflect the stress-relieving effects of yoga, although the possibility of diurnal decline cannot be completely ruled out. Previous studies have identified HPA axis dysfunction in patients with CFS, including attenuated diurnal cortisol rhythm and cortisol awakening response, and a cortisol surge upon awakening \[[@CR7], [@CR8]\]. From the current study, it is unclear if a single yoga session can improve these dysfunctions; however, regular practice of yoga has been demonstrated to recover the diurnal cortisol rhythm in cancer patients \[[@CR21]\] and increase the cortisol awakening response in healthy subjects \[[@CR41]\].

We also found that a single session of sitting isometric yoga increased serum DHEA-S levels. DHEA-S is a more stable sulfate derivative of DHEA, which is produced in the zona reticularis of the adrenal cortex. Several studies have demonstrated that basal levels of serum DHEA-S are lower in patients with CFS compared to healthy subjects \[[@CR9]--[@CR11]\]. DHEA-S causes promnestic effects by increasing acetylcholine release from the hippocampus \[[@CR42], [@CR43]\] and it buffers the negative effects of stress \[[@CR44]\]. Considering that cognitive impairment, such as short-term memory loss, is a common symptom of CFS \[[@CR1]\] and psychological stress exacerbates CFS symptoms \[[@CR3], [@CR25]\], yoga-induced decreases in cortisol levels and increases in DHEA-S levels may be beneficial in CFS patients.

Immune function {#Sec22}
---------------

We evaluated the effects of isometric yoga on blood levels of several cytokines, including TNF-α, IL-6, IFN-α, IFN-γ, TGF-β1, and BDNF and found that sitting isometric yoga decreased serum levels of TNF-α without affecting other cytokine levels. Several studies have suggested low-grade inflammation in patients with CFS, i.e. increased levels of several proinflammatory cytokines such as TNF-α \[[@CR12], [@CR13], [@CR15]\], IL-6 \[[@CR14], [@CR15]\], and IFN-γ \[[@CR14], [@CR15]\], although these observations require confirmation \[[@CR45]\]. One study indicated that TNF-α levels correlated with fatigue, autonomic symptoms, and flu-like malaise \[[@CR13]\]. Therefore, sitting isometric yoga-induced decreases in TNF-α may be beneficial in patients with CFS.

This study also demonstrated that ∆F score positively correlated with ∆TGF-β1 and ∆BDNF, indicating that the fatigue-relieving effect of yoga is associated with decreased levels of these cytokines. TGF-β1 has both pro- and anti-inflammatory effects \[[@CR45]\]. Several studies have reported that patients with CFS have higher TGF-β1 levels than healthy subjects \[[@CR45], [@CR46]\], which supports our finding that decreased fatigue was associated with decreased TGF-β1. In the present study, a single yoga session did not have a significant effect on the plasma levels of BDNF. Previous studies have demonstrated that regular yoga practice increases blood levels of BDNF \[[@CR47], [@CR48]\]. However, the role of BDNF in CFS has not yet been determined, although it is a known biomarker of depression \[[@CR49]--[@CR51]\]. Depressive disorders are a common comorbidity of CFS, suggesting the intriguing possibility that BDNF may play a role in the pathogenesis of CFS. Future studies are needed to understand the significance of BDNF in the fatigue-relieving effect of yoga in patients with CFS.

CNS {#Sec23}
---

Plasma levels of MHPG, a major metabolite of noradrenaline, and HVA, a major metabolite of dopamine, are reported to reflect noradrenergic and dopaminergic neuronal tone, respectively \[[@CR52]--[@CR55]\]. Previous studies have demonstrated that patients with CFS have significantly lower basal levels of plasma MHPG \[[@CR56]\]. In the present study, sitting isometric yoga had no significant effect on plasma MHPG levels, suggesting that sitting isometric yoga does not affect the noradrenergic system. In contrast, sitting isometric yoga may affect the dopaminergic system. First, in this study, serum levels of PRL had a tendency to decrease after yoga. As dopamine acts as a PRL inhibiting hormone \[[@CR57]\], this finding suggests that sitting isometric yoga may activate dopaminergic neuron activity. Second, ∆HVA positively correlated with ∆V score. This result suggests that dopaminergic activation may be related to the yoga-induced increase in vigor. Previous studies have demonstrated that patients with CFS exhibited reduced neural activation of the caudate nucleus in response to a reward task \[[@CR16]\] and of the putamen \[[@CR17]\], which may be due, in part, to dopaminergic dysfunction \[[@CR16], [@CR17]\]. Thus, reduced dopamine activity may contribute to symptoms of low energy in patients with CFS and dopaminergic activation may have a beneficial effect.

Carnitine {#Sec24}
---------

Carnitine plays an important role in mitochondrial energy metabolism \[[@CR58]\]. Several studies have suggested that CFS is associated with a reduction in plasma levels of free carnitine \[[@CR59]\], total carnitine \[[@CR59]\], and acylcarnitine \[[@CR18], [@CR19]\], whereas other studies have reported no differences between CFS patients and healthy subjects \[[@CR60], [@CR61]\]. The current study demonstrated that sitting isometric yoga had no effect on plasma levels of free carnitine, total carnitine, or acylcarnitine and the study failed to demonstrate any significant association between any type of carnitine and fatigue or vigor in patients with CFS.

The changes induced by sitting isometric yoga were in agreement with our original hypothesis. That is, in the short term, practicing sitting isometric yoga induced parasympathetic-dominant autonomic changes, reduced the stress hormone cortisol, increased the anti-stress hormone DHEA-S, and tended to activate the dopaminergic system within the brain of patients with CFS. Because these variables were measured just before and after yoga practice, it is uncertain how long these changes continue or whether they contribute to the long-term fatigue-relieving effect of sitting isometric yoga. According to subjective reports \[[@CR2]\], patients described a feeling of warmth and lightness in their body and calmness and tranquility in their mind as well as reduced fatigue as some of the short-term benefits of yoga. One patient reported that these benefits lasted for one hour and gradually subsided. Therefore, it is reasonable to suggest that sitting isometric yoga-induced changes in biomarkers and ANS functions are transient. As for long-term benefits, many patients reported noticing how helpful it was to release muscular tension in their daily lives \[[@CR2]\]. Therefore, while changes after a single yoga session may be trivial, regular yoga practice may deepen relaxation and facilitate therapeutic awareness and behavioral changes, which contribute, at least in part, to the long-term benefits of yoga.

In this study, we assessed yoga-induced changes in autonomic functions and blood biomarkers at the final yoga session with a yoga instructor, but not at the first session. There are several reasons for this. First, we wanted to know the effects of this program on patients with CFS. To achieve this goal, patients were required to be deeply familiar with the entire yoga program and able to practice it fully. Basically, the patients practiced the same 20-min program with and without a yoga instructor. In the beginning, the instructor modified the program on a patient-to-patient basis, e.g. decreasing the number of pose repetitions or skipping a certain pose, to avoid exacerbation of pain, "brain fog", cognitive dysfunction, and post-exertional malaise. Therefore, each patient did not necessarily practice the whole program during the first practice with an instructor. Some patients reported benefits after the first session with an instructor. In contrast, some patients had difficulty memorizing the procedures in the beginning. However, these patients gradually began to feel beneficial effects, within one month of practicing sitting isometric yoga, as determined from their yoga diaries and interviews. Because of these reasons, we assessed the effects of the program at the final session only, and did not compare these results with those from the first session.

This yoga program was taught by an instructor with over 30 years of experience as a yoga instructor who had knowledge of CFS. She modified her instructions in the beginning, in consideration of each patient's condition. As changes in several parameters, such as HF-HRV and cortisol, can be caused by psychophysiological relaxation, it is possible that the instructor's sincere and warm attitude and personality contributed to these changes. Further studies are needed to determine if the same effect is observed with other instructors or with the DVD alone.

Limitations {#Sec25}
-----------

This study has several limitations. First, the sample size was relatively small, because subjects were enrolled in the yoga group in our previous randomized, controlled trial \[[@CR2]\]. In this study, fatigue level as assessed by POMS-F score decreased remarkably (from 21.9 to 13.8) after a single session of yoga. This suggests that meaningful changes in some parameters could also be observed in this small study. On the other hand, it is possible that some meaningful changes did not reach significance due to the small sample size (e.g. serum PRL level). Further studies with larger sample sizes are necessary to determine if the decrease in PRL is significant or not. Second, blood was sampled at two time points, before and after a yoga session. These time points may provide limited information regarding the effects of sitting isometric yoga. However, considering that fatigue levels significantly decreased after just 20-min of yoga, the blood biomarkers responsible for the fatigue-relieving effect might be expected to change during this short period. Third, this study did not contain a control group. Therefore, we cannot exclude the possibility that the present findings were modulated by diurnal changes in biomarkers and ANS function or by repeated venipuncture. To address these issues, we conducted this study between 2 pm and 4 pm, when diurnal changes in parameters such as cortisol and HRV and the effect of diet on HRV were minimal. In this study, a decrease in cortisol was accompanied by an increase in DHEA-S. Even though decreases in cortisol can by caused by diurnal changes, increases in DHEA-S cannot be explained by diurnal changes because diurnal changes in DHEA-S are limited. Furthermore, even though repeated venipuncture might have had some effect on blood biomarker levels, correlations between ∆F and ∆biomarkers, e.g. ∆TGF-β1 and ∆BDNF, cannot be explained by repeated punctures. Fourth, it remains unclear if the observed changes are involved in the long-term effects of sitting isometric yoga. Therefore, we are now analyzing long-term changes in these parameters before and after the intervention period. Fifth, the study was conducted with patients who did not improve satisfactorily with conventional treatment and who could sit for at least 30 min. Further studies are required to determine if our findings can be generalized to all patients with CFS.

Conclusions {#Sec26}
===========

We found that a single session of sitting isometric yoga reduced fatigue and improved vigor in patients with CFS. These changes were associated with a significant reduction in HR and serum cortisol and TNF-α levels and a marginal decrease in serum PRL, as well as a significant increase in the HF component of HRV and in serum levels of DHEA-S. Changes in fatigue were positively correlated with changes in TGF-β1 and BDNF in the blood. Vigor was positively correlated with plasma HVA. This study improves our understanding of the fatigue-relieving effect of isometric yoga in patients with CFS.

A-carn

:   Acylcarnitine

ANS

:   Autonomic nervous system

BDNF

:   Brain-derived neurotrophic factor

CFS

:   Chronic fatigue syndrome

CI

:   Confidence interval

CLEIA

:   Chemiluminescent enzyme immunoassay

CNS

:   Central nervous system

CV~R-R~

:   Coefficient of variation of R-R intervals

DHEA-S

:   Dehydroepiandrosterone sulfate

EASIA

:   Enzyme amplified sensitivity immunoassay

ELISA

:   Enzyme-linked immunosorbent assay

F

:   Fatigue

F-Carn

:   Free carnitine

HF

:   High frequency

HPA

:   Hypothalamic-pituitary-adrenocortical

HR

:   Heart rate

HRV

:   Heart rate variability

HVA

:   Homovanillic acid

IFN

:   Interferon

IL

:   Interleukin

LF

:   Low frequency

MHPG

:   3-methoxy-4-hydroxyphenylglycol

POMS

:   Profile of Mood States

PRL

:   Prolactin

SD

:   Standard deviation

T-carn

:   Total carnitine

TGF-β1

:   Transforming growth factor-beta1

TNF-α

:   Tumor necrosis factor-α

V

:   Vigor
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